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Abstract
We investigate the dipole moments of the tau- neutrino at high-energy and high luminosity
at linear electron positron colliders, such as CLIC or ILC through the analysis of the reaction
e+ e− → ν ν¯ γ in the framework of the SU(4)L×U(1)X model. The limits on dipole moment were
obtained for integrated luminosity of L= 500-2000 fb−1 and center of mass between 0.5 and 3.0
TeV. The estimated limits for the tau-neutrino magnetic and electric dipole moments are improved
by 2-3 orders of magnitude and complement previous studies on the dipole moments.
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I. INTRODUCTION
Experiment and theoretical studies of neutrino oscilation in solar [1], atmospheric [2] gave
strong evidence of the non-zero mass of neutrino. A massive neutrino can have non-trivial
electromagnetic properties through radiative correction, and If so a neutrino coupling to
photons becomes possible. The most important of electromagnetic processes of the direct
neutrino couplings with photons are
• The radiative decay of a heavier neutrino into a lighter neutrino with emission of a
photon ν → ν + γ, [3]
• Photon decays into neutrino-antineutrino pair in plasma: γ → νν¯, [4]
Neutrino one-photon interactions are of interest since they may play a key role in elucidating
the solar neutrino puzzle, which can be explained by a large neutrino magnetic moment [5]
or a resonant spin flip induced by Majorana neutrinos [6].
A Dirac neutrino with standard model (SM) interactions has a magnetic moment which
is given by [7]
µνi =
3meGF
4
√
2pi2
mνi ≈ 3× 10−19
(
mνi
eV
)
µB (1)
where µB =
e
2me
is the Bohr Magneton. Current limits on these magnetic moments are
several orders of magnitude larger [8] therefore a magnetic moment close to these limits
would indicate a window for probing effects induced by new physics beyond the SM [9].
Similarly, a neutrino electric dipole moment will point also to new physics and they will be
of relevance in astrophysics and cosmology, as well as terrestrial neutrino experiments [10].
The current best limit on µντ has been obtained in the Borexino experiment which ex-
plores solar neutrinos [11]. Some experimental limits on the magnetic moment of the tau-
neutrino are shown in Table I.
The bound on µντ was obtained through the analysis of the process e
+ e− → ν ν¯ γ near
the Z-resonance, with a massive neutrino and the SM Ze+ e− and Zν ν¯ couplings [16]. At
low center of mass energy sM2Z , the dominant contribution to the process e+ e− → ν ν¯ γ
involves the exchange of a virtual photon [17]. The dependence on the magnetic moment
comes from a direct coupling to the virtual photon, and the observed photon is a result of
initial-state Bremsstrahlung.
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TABLE I: Experimental limits on the magnetic moment of the tau-neutrino
Experiment Method Limit C. L. Reference
Borexino Solar neutrino µντ < 1.9× 10−10µB 90% [11]
E872 (DONUT) Accelerator ντe
−, ν¯τe− µντ < 3.9× 10−7µB 90% [12]
CERN-WA-066 Accelerator µντ < 5.4× 10−7µB 90% [13]
L3 Accelerator µντ < 3.3× 10−6µB 90% [14]
At higher scale near the Z pole (s ≈ M2Z ,) the dominant contribution involves the ex-
change of the Z boson. The dependence on the magnetic moment (µντ ) and the electric
dipole moment (dντ ) now comes from the radiation of the photon observed by the neutrino
or antineutrino in the final state. We emphasize here the importance of the final state radia-
tion near the Z pole of a very energetic photon as compared to conventional Bremsstrahlung.
Additional neutral gauge bosons appear in most extended models of the SM such as
Left-Right Symmetric Models (LRSM) [18, 19], models of composite gauge bosons [20] or
the SU(3)C × SU(3)L × U(1)X (3-3-1) models [21]. In particular, it is possible to study
some phenomenological features associated with this extra neutral gauge boson through
models with gauge symmetry SU(3)C × SU(4)L × U(1)X , also called 3-4-1 models [24].
In this model there exit two new neutral gauge bosons which result in large constraint to
the neutrino dipole moment. In the framework of the 3-4-1 model, the puzzle of the large
magnetic moment of neutrino with its small mass was firstly considered in Ref. [22].
Let us mention with the current situation of the experimental bounds. The L3 collabo-
ration [14] uses detector-simulated e+ e− → ¯ννγ(γ) events, random trigger events, and large
angle e+e− → e+e− events to evaluate the selection efficiency. In Fig. 2 of [14] only 6 events
was found as real background with the angular interval −0.7 < cos θγ < 0.7. The event
number N can be approximated as N = NB +
√
NB where NB is the estimated background
event and sufficient large (NB > 10). This means that limits on parameters at different
confidential levels can be found by replacing the equation for the total number of expected
events N = NB +
√
NB in the expression N ≈ σ(µντ , dντ )L [15].
As discussed in [14, 16] the total number of event was calculated at 1σ, 2σ, 3σ. Taking
into account with the luminosity L=500 fb−1 [26, 27] we can obtain the limit of the neutrino
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magnetic moment and the neutrino electric dipole moment.
Our aim in this paper is to get bound of the magnetic and electric dipole moments of the
neutrino by analyzing the reaction e+e− → νν¯γ in the framework of the SU(4)L × U(1)X
model. We will focus on the anomalous magnetic moment (MM) and the electric dipole
moment (EDM) of massive tau-neutrino. We will then set limits on the tau-neutrino MM
and EDM according to the ratio of the SU(4)× U(1)X scale versus SU(2)L × U(1)Y scale.
Since the W and photon exchange diagrams amounting to just 1% corrections in the relevant
kinematic regime, will be neglected. To justify this argument, the reader is referred to
Ref.[25]. The Feynman diagrams which give the most important contribution to the cross
section are shown in Fig.1. We will set limits on tau neutrino dipole moment for integrated
luminosity of 500-2000 fb−1 and center of mass energy between 0.5 and 3.0 TeV which can
be archive in the next generation of linear colliders, namely, the International Linear Collider
(ILC)[26] and the Compact Linear Collider (CLIC)[27].
This paper is organized as follows: In Sec. II we will briefly review the 3-4-1 model
then in Sec. III we present the calculation of the process e+e− → νν¯γ in the context of a
SU(4)L × U(1)X model. Finally, we present our results and conclusions in Sec. IV.
II. MINIMAL 3-4-1 WITH RIGHT-HANDED NEUTRINOS
The SU(4)L×U(1)X model was originally proposed in [23]. The minimal SU(4)L×U(1)X
model was systematically studied in [24]. In this section we will quickly review the model.
The leptonic structure of the SU(4)L × U(1)X model is arranged as:
faL = (νa, la, l
c
a, ν
c
a)
T
L ∼ (1, 4, 0) a = e, µ, τ (2)
where νcL ≡ (νR)c and the charge conjugation of faL
f caR ≡ (faL)c = (νcaR, lcaR, laR, νaR)T (3)
One quark generation is arranged into quadruplet:
Q3L = (u3, d3, T, T
′)TL ∼
(
3, 4,
2
3
)
u3R ∼ (3, 1, 2/3), d3R ∼ (3, 1,−1/3),
TR ∼ (3, 1, 5/3), T ′R ∼ (3, 1, 2/3). (4)
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The two other quark generations are arranged as antiquadruplet
QαL = (dα,−uα, Dα, D′α)TL ∼
(
3, 4∗,−1
3
)
, α = 1, 2
uαR ∼ (3, 1, 2/3), dαR ∼ (3, 1,−1/3),
DαR ∼ (3, 1,−4/3), D′αR ∼ (3, 1,−1/3).
The Higgs sector consists four Higgs quadruplets given below
χ = (χ01, χ
−
2 , χ
+
3 , χ
0
4)
T ∼ (1, 4, 0),Φ = (Φ−1 ,Φ−−,Φ0,Φ−2 )T ∼ (1, 4,−1)
ρ = (ρ+1 , ρ
0, ρ++, ρ+2 )
T ∼ (1, 4, 1), η = (η01, η−2 , η+3 , η04)T ∼ (1, 4, 0)
(5)
and one symmetric decuplet (10S) as
H ∼ (1,10, 0) = 1√
2

√
2H01 H
−
1 H
+
2 H
0
2
H−1
√
2H−−1 H
0
3 H
−
3
H+2 H
0
3
√
2H++2 H
+
4
H02 H
−
3 H
+
4
√
2H04

. (6)
The necessary vacuum expectation value (VEV) structure is given by
〈χ〉 =
(
0 , 0 , 0 ,
V√
2
)T
, 〈φ〉 =
(
0 , 0 ,
ω√
2
, 0
)T
,
〈ρ〉 =
(
0 ,
v√
2
, 0 , 0
)T
, 〈η〉 =
(
u√
2
, 0 , 0 , 0
)T
, (7)
and
〈H〉 = 1
2

0 0 0 
0 0 v′ 0
0 v′ 0 0
 0 0 0

. (8)
Then all fermions and gauge bosons get necessary masses [24].
In the model, the gauge sector consists six charged/non-Hermitian gauge bosons and four
neutral ones. The charged and non-Hermitian neutral gauge bosons defined through
PCCµ =
1
2
∑
a
λaAa , a = 1, 2, 4, 5, 6, 7, 9, 10, 11, 12, 13, 14
5
=
1√
2

0 W
′+ W−13 W
0
14
W
′− 0 W−−23 W
−
24
W+13 W
++
23 0 W
+
34
(W 014)
∗
W+24 W
−
34 0

µ
=
1√
2

0 W
′+ Y
′− N0
W
′− 0 U−− X
′−
Y
′+ U++ 0 K
′+
(N0)
∗
X
′+ K
′− 0

µ
(9)
The above gauge bosons mix each other, and the physical states are determined as [24]
Wµ = cos θW
′
µ − sin θ K ′µ , Kµ = sin θW ′µ + cos θ K ′µ , (10)
where the mixing angle θ characterizing lepton number violation is given by
tan 2θ =
4v′
V 2 + ω2 − u2 − v2 . (11)
For the X − Y mixing, we obtain the physical states
Yµ = cos θ
′ Y ′µ − sin θ′X ′µ , Xµ = sin θ′ Y ′µ + cos θ′X ′µ (12)
with the mixing angle defined as
tan 2θ′ =
4v′
V 2 − ω2 − u2 + v2 . (13)
The masses of physical gauge bosons are determined as
m2W± '
g2
4
(v2 + u2 + v′′2) , m2K± '
g2
4
(V 2 + w2 + v′′2) ,
m2X± '
g2
4
(V 2 + v2 + v′′2) , m2Y ± '
g2
4
(w2 + u2 + v′′2) . (14)
The four neutral gauge bosons are the photon and three neutral gauge bosons labeled by
Zi, i = 1, 2, 3.
A. Charged currents
Taking into account of the mixing among singly charged gauge bosons, we can express
above expression as follows
−LCC = g√
2
(
Jµ−W W
+
µ + J
µ−
K K
+
µ + J
µ−
X X
+
µ + J
µ−
Y Y
+
µ + J
µ0∗
N N
0
µ + J
µ−−
U U
++
µ + H.c.
)
, (15)
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where
Jµ−W = cθ(νaLγ
µlaL + u3Lγ
µd3L − uαLγµdαL)
− sθ(−νaRγµlaR + TLγµT ′L +D′αLγµDαL), (16)
Jµ−K = cθ(−νaRγµlaR + TLγµT ′L +D′αLγµDαL) + sθ(νaLγµlaL + u3Lγµd3L − uαLγµdαL),
Jµ−X = cθ′(ν
c
aLγ
µlaL + T ′Lγ
µd3L − uαLγµD′αL) + sθ′(lcaLγµνaL + TLγµu3L + dαLγµDαL) ,
Jµ−Y = cθ′(l
c
aLγ
µνaL + TLγ
µu3L + dαLγ
µDαL)− sθ′(νcaLγµlaL + T ′Lγµd3L − uαLγµD′αL) ,
Jµ−−U = l
c
aLγ
µlaL + TLγ
µd3L − uαLγµDαL ,
Jµ0∗N = νaLγ
µνcaL + u3Lγ
µT ′L +D
′
αLγ
µdαL. (17)
For precision, in the quark sector the CKM matrix will be appeared. In terms of mass
eigenstates, the current in (16) has a new form
Jµ−W = cθ(νiLγ
µV ijPMNSljL + sθνiRγ
µV ijPMNSljR) + · · · (18)
B. Neutral current
The Lagrangian of the fermion is
L = i
∑
f
f¯γµDµf +H.c. (19)
The Lagrangian for neutral current extracted from above Lagrangian is:
LNC = gf¯γµPNCµ f (20)
where PNCµ is given in [24]. Explicitly, the neutral current including the electromagnetic
current are:
−LNC = eJµemAµ +
g
2cw
3∑
i=1
Ziµ
∑
f
f¯γµ[giV (f)− giA(f)γ5]f (21)
where
e = g sin θW , t =
g′
g
=
2
√
2 sin θW√
1− 4 sin2 θW
(22)
Z1,2,3 can be identified as Z1 ≈ Z, and Z2,3 ≈ Z ′3,4 are exact eigenstates.
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From explicit calculation, the needed couplings are given by
g1V (e) =
cW (−3c32sW −
√
3cW )
2
√
3
, g1A(e) =
cW (c32sW −
√
3cW )
2
√
3
,
g1V (ν) = cW
(
1
2
cW − c32sW
2
√
3
)
, g1A(ν) = cW
(
1
2
cW − c32sW
2
√
3
)
,
g2V (e) = −
cW cαc32
2
√
3
, g2A(e) =
cW (cαc32 +
√
2sα)
2
√
3
,
g2V (ν) = −
cW (cαs32 − 2sα)
2
√
3
, g2A(ν) =
cW (cαs32 +
√
2sα)
2
√
3
,
g3V (e) = −
√
3cW sαs32, g
3
A(e) =
cW (cα + sαs32)
2
√
3
,
g3V (ν) =
cW (2
√
2cα − sαs32)
2
√
3
, g3A(ν) =
cW (
√
2cα + sαs32)
2
√
3
,
where sW ≡ sin θW , cW ≡ cos θW and
s32 =
2
√
2√
8 + 3t2
, c32 =
−√3t√
8 + 3t2
,
t2α =
2
√
8 + 3t2w2
9V 2 − (7 + 3t2)w2 (23)
III. THE TOTAL CROSS SECTION
The total cross section of the process e+e− → ν¯τντγ can be calculated using Breit-Wigner
resonance form [28]:
σ(e+e− → ν¯τντγ) =
3∑
i=1
4pi(2J + 1)Γe+e−Γν¯τντγ
(s−M2Zi)2 +M2ZiΓ2Zi
(24)
where Zi, i = 1, 2, 3 are the SM Z boson and two new neutral bosons respectively and
Γe+e− ,Γν¯τντγ are the respectively decay width of Zi in the channel e
+e− and νν¯, γ (see
Figure 1).
The decay of Zi to e
+e− has the same structure as the decay of Z boson in to e+e−. The
decay of Z boson in to e+e− is given by [28].
Γ(Z1→e+e−) =
αMZi
12
[g2V (e) + g
2
A(e)]
s2W (1− x2)
(25)
where α = e
2
4pi
is the fine structure constant.
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ee
ν
ν
ν γ
Zi
(1)
e
e
ν
ν
ν
Zi
(2)
FIG. 1: Feynman diagrams contribution to process e+e− → ν¯νγ in the SU(4)L × U(1)X model
The decay rate of Zi to e
+e− can be calculated as:
Γ(Zi→e+e−) = Γ(Z1→e+e−)
MZi
MZ1
[g2iV (e) + g
2
iA(e)]
[g21V (e) + g
2
1A(e)]
. (26)
In the followings we will investigate the decay of Zi → ν¯νγ. The Feynman diagrams of
this decay is given in Fig.1
M1(ν¯νγ) = µδ (p)βλ(q)
[
u¯(p3)Γ
µ i(k/+mν)
(k2 −m2ν)
(−ig)
2cW
γβ[giV (ν)− giA(ν)γ5]v(p4)
]
(27)
M2(ν¯νγ) = µδ (p)βλ(q)
[
u¯(p3)
(−ig)
2cW
γβ[giV (ν)− giA(ν)γ5] i(k/+mν)
(k2 −m2ν)
Γµv(p4)
]
, (28)
where
Γα = eF1(q
2)γα +
ie
2mν
F2(q
2)σαµqµ + eF3(q
2)γ5σ
αµqµ, (29)
is the tau-neutrino electromagnetic vertex, e is the charge of the electron, qµ is the photon
momentum and F1,2,3(q
2) are the electromagnetic form factors of the neutrino, corresponding
to charge radius, MM and EDM, respectively, at q2 = 0 [29], while λα is the polarization
vector of the photon. p and k stand for the momenta of the Z and neutrino, respectively.
Summing over spin, the square of the scattering amplitude is:
∑
s
| M1,2 |2= g
2
4 cos2 θW
(µ2ντ + d
2
ντ )[(g
2
iV (ν) + g
2
iA(ν))(s− 2
√
sEγ) + g
2
iA(ν)E
2
γ sin
2 θγ], (30)
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FIG. 2: The total cross section for e+e− → ν¯νγ as the function of the ration of mZ′mZ and µντ
The decay rate of gauge boson Zi → νν¯γ is therefore calculated as:
Γ(Zi→νν¯γ) =
∫ α(µ2ντ + d2ντ )
64pi2MZixW (1− xW )
[(g2iV (ν) + g
2
iA(ν))(s− 2
√
sEγ) + g
2
iA(ν)E
2
γ sin
2 θγ]
EγdEγd cos θγ . (31)
Substituting above expression into (24) we have the total cross section of the process
e+e− → ν¯τντγ:
σ(e+e− → νν¯γ) = ∑
i=1,2,3
∫
EγdEγd cos θγ
α2(µ2ντ + d
2
ντ )
192pi
[g2iV (e) + g
2
iA(e)]
x2W (1− xW )2
× [(g
2
iV (ν) + g
2
iA(ν))(s− 2
√
sEγ) + g
2
iA(ν)E
2
γ sin
2 θγ]
(s−M2Zi)2 +M2ZiΓ2Zi
. (32)
IV. RESULTS
In investigating numerically the cross section, the photon angle and energy will be cut to
avoid the divergence of the integral when integrating over important intervals. We integrate
over θγ from 44.5
o to 135.5o and Eγ from 15 GeV to 100 GeV. The following numerical
values are used: sin2θW = 0.23126 ± 0.00022, MZ = 91.1876 ± 0.0021GeV , ΓZ = 2.4952 ±
0.0023GeV . We approximate the mass of the two new neutral bosons are of the same
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order (MZ2 ≈ MZ3) therefore their decay rate can be approximate to have the same order
ΓZ2 ≈ ΓZ3 . The decay width of the Z2, Z3 bosons are approximate as: ΓZ2,3 = 2ΓZ1 [31] and
the mass of Z2, Z3 bosons can be approximate as MZ2,3 = xrMZ1 where xr =
MZ2
MZ1
. The mass
limit of the new neural gauge boson is MZ′ < 5 TeV [32] equivalent to xr ≈ 50. We obtain
the total cross section σTot = σTot(µντ , dντ ,
√
S, xr). We will evaluate the total cross section
as a function of the parameters of the model, xr, which is the ratio of the symmetry breaking
scale of the group SU(4)L and the vacuum expectation value of the SU(2)L and the center
of mass energy. Using the approximation that the total number events N ≈ σTotL [15] where
N = NB +
√
NB B is the total number of e
+e → ν¯τντγ events expected at 1σ, 2σ, 3σ we
can set the bounds of the tau neutrino magnetic dipole moments with dντ = 0 for different
integrated luminosity L. This analysis can be used to obtain the bound on the tau neutrino
electric dipole moment with ντ = 0
We present the bounds obtained on the µντ magnetic moment and dντ electric dipole
moment in Table II to demonstrate the order of magnitude. From Table II we can see that
our result is better than those given in literature [16, 27, 29, 33–37] and approach the limit
by Borexino experiment [11].
In the case of the electric dipole moment our result show that these bounds are of order
10−19-10−20 for the 95% C.L. sensitivity limits at 1000 - 3000 GeV center of mass energies and
integrated luminosities of 2000 fb1. These bounds are improved by 2-3 orders of magnitude
than those reported in the literature [34, 35, 38, 39]
In Fig. 2 we evaluate the cross-section of the process e+e− → ν¯νγ as the function of the
ration of mZ′
mZ
and µντ with the value of
√
S = 500GeV. The value of the magnetic moment
investigated is up to the current value of the L3 experiment µντ = 3.3 × 10−6(µB). Our
result is of the same order with previous result [38]
In summary, we conclude that the estimated limits for the tau-neutrino magnetic and
electric dipole moments in the context of a SU(4)L × U(1)X model compare favorably with
the limits obtained by the L3 Collaboration and complement previous studies on the dipole
moments.
11
L = 500, 1000, 2000 fb−1
√
S = 1.0 TeV ;xr = 20
C.L. |µντ (µB)| |dντ (e.cm)|
1σ (0.35, 0.25, 0.17)× 10−10 (1.03, 0.73, 0.51)× 10−19
2σ (0.40, 0.28, 0.20)× 10−10 (1.18, 0.84, 0.59)× 10−19
3σ (0.41, 0.29, 0.20)× 10−10 (1.22, 0.86, 0.61)× 10−19
√
S = 2.0 TeV ;xr = 35
C.L. |µντ (µB)| |dντ (e.cm)|
1σ (0.51, 0.36, 0.25)× 10−10 (2.0, 1.43, 1.01)× 10−19
2σ (0.58, 0.41, 0.29)× 10−10 (2.34, 1.65, 1.17)× 10−19
3σ (0.60, 0.42, 0.30)× 10−10 (2.4, 1.70, 1.20)× 10−19
√
S = 3.0 TeV ;xr = 50
C.L. |µντ (µB)| |dντ (e.cm)|
1σ (1.02, 0.72, 0.51)× 10−10 (3.0, 2.12, 1.50)× 10−19
2σ (1.18, 0.83, 0.59)× 10−10 (3.46, 2.49, 1.73)× 10−19
3σ (1.21, 0.85, 0.60)× 10−10 (3.55, 2.51, 1.78)× 10−19
TABLE II: Bounds on the µντ magnetic moment and dντ electric dipole moment for
√
S = 1, 2, 3
TeV and L=500, 1000, 2000 fb−1 at 1σ, 2σ, 3σ
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